A new real-time PCR method is presented that detects and quantifies three tetracycline resistance (Tc r ) genes [tet(O), tet(W), and tet(Q)] in mixed microbial communities resident in feedlot lagoon wastewater. Tc r gene real-time TaqMan primer-probe sets were developed and optimized to quantify the Tc r genes present in seven different cattle feedlot lagoons, to validate the method, and to assess whether resistance gene concentrations correlate with free-tetracycline levels in lagoon waters. The method proved to be sensitive across a wide range of gene concentrations and provided consistent and reproducible results from complex lagoon water samples. The log 10 of the sum of the three resistance gene concentrations was correlated with free-tetracycline levels (r 2 ‫؍‬ 0.50, P < 0.001; n ‫؍‬ 18), with the geometric means of individual resistance concentrations ranging from 4-to 8.3-fold greater in lagoon samples with above-median tetracycline levels (>1.95 g/liter by enzymelinked immunosorbent assay techniques) than in below-median lagoon samples. Of the three Tc r genes tested, tet(W) and tet(Q) were more commonly found in lagoon water samples. Successful development of this real-time PCR assay will permit other studies quantifying Tc r gene numbers in environmental and other samples.
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The tetracycline class of antibiotics is used frequently for the treatment and/or prevention of bacterial disease and for growth promotion in the cattle and swine industries (24, 25) . For example, since the mid-1990s, more than 10 6 kg of tetracycline has been used per year in the U.S. livestock industry alone (9) . There is growing evidence that such use of antibiotics for therapy, prophylaxis, and animal growth promotion may be resulting in the selection of resistant animal pathogens and commensals in the environment (reviewed by Chopra and Roberts [9] and Wegener [26] ) because of the selection of tetracycline-resistant (Tc r ) strains in the rumina and intestines of exposed animals. A recent study on integrated livestock-fish farming indicated a significant increase in bacterial resistance to six antimicrobials in water-sediment samples from fish ponds exposed to manure from antibiotic-fed chickens (18) . However, little quantitative information is available on the numbers of resistance genes in the environment.
Phenotypic resistance testing of tetracycline and other antibiotics has been performed for years, although these methods tend to detect only resistance in culturable bacterial species and do not directly detect specific genes that confer the resistance. Previous studies have used nonquantitative PCR with Tc r gene-specific primers for the detection of tetracycline efflux genes (2, 5) ; however, such systems are not optimal for sensitive detection or for precise quantification. Therefore, a quantitative method for tracking resistance genes in environmental samples is needed to help determine whether antibacterial resistance in the environment is truly increasing because of anthropogenic practices.
In this study, a new quantitative real-time PCR assay was developed for the detection and quantification of three specific Tc r genes in cattle feedlot wastewater. This is a potential source of resistance genes because antibiotics are frequently in feedlot operations and cattle feces, urine, and discarded feed readily washed off into wastewater lagoons by natural drainage. Hence, bacteria (and any resistance genes) might be concentrated in such lagoons and thus lagoons represent a composite sample of resistance genes from the larger feedlot environment. Real-time DNA PCR was chosen as the method for quantification because it is sensitive and allows quantification through the use of unambiguous standard curves developed from defined quantities of cloned Tc r plasmids. Further, this method does not require bacterial cultivation, thus reducing the bias due to the detection of Tc r genes only present in culturable species.
Our general research strategy was to target three specific genes for the development of a real-time PCR method for estimating Tc r gene concentrations in feedlot wastewater treatment lagoons (also in the excreta of treated animals) (3, 8, 10) . The genes were chosen from the ribosomal protection protein supergroup, which includes tet(M), tet(S), tet(O), tet(W), tet(Q), tet(T), tetB(P), and otr(A) (13, 22) . The specific genes selected for this developmental study were tet(O), tet(W), and tet(Q) because they appear to be particularly common in cattle, often being found in the rumina or intestinal tracts of cattle (3, 20) . Furthermore, all three genes have been found to be promiscuous in environmental organisms via different transfer mechanisms (7, 9, 12, 14) , which makes them suitable candidates for broader monitoring of resistance gene numbers in the environment. To our knowledge, this is the first demonstration of sensitive detection and quantification of Tc r genes by realtime PCR for community DNA derived from cattle feedlot lagoons.
MATERIALS AND METHODS
Design of real-time PCR primer-probe sets. The nucleotide and amino acid coding sequences of tet(O) (GenBank accession no. M188960) (15) , tet(Q) (GenBank accession no. X58717) (17) , and tet(W) (GenBank accession no. AJ222769) (6) were aligned by the use of ClustalW (23) . Regions corresponding to high homology in the N terminus (amino acids 1 to 131) and near the C terminus (amino acids 435 to 520) were excluded from the nucleotide sequences (Fig. 1) for the purpose of designing specific fluorogenic 5Ј nuclease (TaqMan) primerprobe sets in regions of lower sequence homology between Tc r gene types. Primers and probe sets were then designed by the use of Primer Express 2.0 software (ABI, Foster City, Calif.). Following verification by BLASTN, which demonstrated that they were within a highly conserved region of each Tc r gene type, primers and probes were synthesized by Invitrogen (Carlsbad, Calif.) and ABI, respectively, with a 5Ј FAM label and a 3Ј TAMRA quencher for probes.
Standards. Plasmids containing tet(O), tet(W), and tet(Q)
were transformed into and grown in Escherichia coli (Stratagene XL10-Gold) in Terrific Broth (19) and purified with the High Pure plasmid kit (Roche, Indianapolis, Ind.) to serve as positive controls. Copy numbers were calculated after DNA quantification by UV spectrophotometry, and standards for copy number determinations were prepared by serially diluting purified plasmid DNAs in 30 g of nuclease-free yeast tRNA (Roche) per ml for copy numbers ranging from 6 ϫ 10 6 to 6 copies per reaction.
Collection and processing of lagoon water samples. Water column samples were obtained by permission from seven lagoons located at five different feedlots in the midwestern United States. The study lagoons were selected on the basis of the shape, depth, consistency in water level, and presumed upstream antibiotic use patterns at each feedlot. Specifically, it was desired to have lagoons of roughly the same size and volume while also providing similar site access to allow consistent collection of samples. It was also desired that different feedlot tetracycline use strategies be represented in the study, ranging from semicontinuous subtherapeutic use to therapeutic use only or to no use at all; therefore, the lagoons were ultimately chosen to balance desired physical lagoon characteristics and differing antibiotic use tendencies for the study.
All field samples were collected with 1.2-m-long, 25-mm-diameter polyvinyl chloride tubes equipped with a check valve at the bottom end (11) . Typically, samples were obtained by wading to a predefined location in each lagoon, slowly inserting the sampler through the water column, and then carefully withdrawing the samples, avoiding stirring up sediments during sample collection. Duplicate 500-ml samples were collected per lagoon per sample day. Samples were stored in presterilized amber bottles that were then stored in the dark on ice until return to the laboratory. Upon return, 2 ml of collected lagoon water was pelleted immediately at 20,000 ϫ g for 10 min and subsequently stored at Ϫ20°C prior to DNA extraction. Total DNA was extracted from the pellets (Ͻ40 mg of pellets for 2-ml samples) with the QIAGEN DNA Stool Mini-Kit (QIAGEN, Inc., Valencia, Calif.), which resulted in a 200-l DNA solution.
The remainder of the collected lagoon water samples were segregated for other analyses and stored at 4°C prior to the quantification of free tetracycline by enzyme-linked immunosorbent assay (ELISA) techniques, total suspended solids and volatile suspended solids (VSS) to quantify lagoon solids in each sample, and anaerobic plate counts to provide parallel phenotypic data on the specific samples analyzed by real-time PCR. Anaerobic plate counts were used for this comparison because all of the lagoons were functionally anaerobic and it was felt that anaerobic plating conditions would best enumerate both anaerobes and facultative anaerobes in the water samples. Total suspended solids and VSS were analyzed in accordance with standard methods (1), whereas ELISAs and plate count assays were performed as described below.
Real-time PCR assays for tet gene copy numbers. Duplicate real-time PCRs were run with the ABI 7700 sequence detection system and ABI TaqMan Universal PCR Master Mix under reaction conditions of 50°C for 2 min for the uracil-DNA glycosylase step, 95°for 10 min, and 44 two-step cycles consisting of 95°C for 15 s and 60°C for 30 s. Primer concentrations were optimized for each tet gene assay with constant probe concentrations (21) . The primer concentrations in the reaction mixtures were 900 nM (for each forward and reverse primer) for tet(O) and tet(W) and 300 nM for tet(Q). Duplicate 25-l reaction mixtures including 5 l of extracted DNA (corresponding to 50 l of original lagoon water) were run in parallel with reaction mixtures of six 10-fold dilutions of the specific tet plasmid standards as described previously.
PCR samples were analyzed in a blinded fashion, without knowledge of the sample source, measured tetracycline level, or phenotypic culture results. Absolute gene copy numbers were initially obtained on the basis of the total DNA that could be extracted from the 2-ml volume of original feedlot water. This 2-ml volume for extraction was based upon preliminary screening of both 2-and 10-ml lagoon sample volumes. However, it was found that extracts from 10-ml sample volumes resulted in suppressed amplification relative to the 2-ml samples (probably due to overloading of the DNA purification columns) and the 2-ml volume was adopted for all samples. To verify that the 2-ml samples did not have background levels of compounds inhibitory of PCR, two types of control experiments were performed: (i) dilution series of selected samples analyzed for quantities of tet(W) DNA and (ii) mixing experiments involving extracted lagoon DNAs with fixed amounts of plasmid DNA containing the Tc r gene. Both tests indicated that no inhibition was prevalent at the 2-ml volume.
Normalization of real-time PCR assays for tet gene copy number. To compare gene copy numbers between lagoons and with ambient tetracycline levels, the absolute number of resistance genes from each PCR were normalized on the basis of two metrics: per fixed volume of original lagoon water (i.e., gene copy number per 50 l) and per milligram of volatile solids in each sample (i.e., gene copy number per milligram of VSS). These two measurements provided both actual gene copy concentrations in the lagoon samples and the number of copies per unit of volatile-solid mass (to assess the effect of the level of solids in the lagoon on the observed copy numbers). The statistical significance of differences between observed Tc r gene copy numbers (normalized to the lagoon volume or the mass of VSS) from the below-median and above-median tetracycline lagoons was tested with the nonparametric Wilcoxon rank sum test (4) . Nonparametric tests were applied because analyses of the log-transformed data revealed a few of the sample sets (e.g., above-or below-median groups) were not normally distributed.
Phenotypic resistance assays. Phenotypic resistance assays were performed to assess whether the real-time PCR method provided results similar to those of traditional methods. Typically, 1 ml of lagoon sample was serially diluted (typically to 10 Ϫ3 to 10 Ϫ4 ) and plated in triplicate (50 l of each) onto Brucella medium amended with 0 to 16 g of tetracycline per ml in accordance with NCCLS recommendations (16) . Plates were incubated under anaerobic conditions (90% N 2 , 5% CO 2 , 5% H 2 ; Coy Laboratory Products, Inc., Grass Lake, Mich.) for 7 days prior to CFU enumeration.
ELISAs for free tetracycline. Free-tetracycline levels were determined with the Ridascreen ELISA tetracycline detection kit (R-Biopharm, Darmstadt, Germany) in accordance with the manufacturer's instructions. Typically, original samples were diluted 1:50 prior to analysis, although samples that had higher organic content (typically related to solids levels) were diluted up to 1:100 to minimize interference. Lagoon samples with known low baseline tetracycline levels were spiked intermittently with tetracycline standards to verify the efficacy of the method.
RESULTS AND DISCUSSION
Probe design: preliminary testing. Table 1 presents the sequences of the primers and TaqMan probes designed for the three chosen Tc r genes. To verify the specificity of the primerprobe sets, all three target genes (on plasmids) were tested at a high copy number (6 ϫ10 6 ) with the other two primer-probe sets. With an annealing temperature of 60°C, all three sets of primers and probes were found to be highly specific and did not cross-amplify the other two tet gene-containing plasmids (data not shown). Standard curves for each target gene with defined quantities of cloned Tc r plasmids over 6 orders of magnitude were obtained for each experiment, consistently providing significant correlations (r 2 , always Ͼ0.99; data not shown).
Application of real-time PCR method in feedlot lagoons. To verify the utility of the new primer-probe sets for quantification of Tc r genes in complex lagoon waters, samples were collected from seven cattle feedlot lagoons over a 2-month period. The lagoons reflected different antibiotic use strategies, thus pro- viding a variety of possible resistance gene responses and tetracycline levels. For the sake of performing simple statistical tests, the quantitative resistance gene data were first sorted by water column free-tetracycline levels. Specifically, the median tetracycline level from all samples was determined (i.e., 1.95 g/liter) and the samples were then recategorized as either above or below the median tetracycline level for statistical comparison of the resistance gene copy levels of the aboveversus below-median tetracycline lagoons. Figure 2 summarizes the observed concentrations (per 50 l of lagoon water) of the tet(O), tet(Q), and tet(W) genes and the sum of the three genes in all of the samples collected (n ϭ 18; 2 or 3 samples per lagoon). Total resistance gene levels (sum of the three genes) were significantly greater in the above-median tetracycline lagoons versus the below-median tetracycline lagoons (P ϭ 0.038; Wilcoxon rank sum test performed on logtransformed data). Likewise, the levels of two individual resistance genes were also significantly higher in the above-median lagoons than those in the below-median lagoons (Wilcoxon rank sum test on log-transformed data), where P ϭ 0.020 for tet(W), no significant difference for tet(Q), and P ϭ 0.018 for tet(O). These results are consistent with the hypothesis that resistance genes would be positively selected after greater apparent exposure to tetracycline, predicted by the presence of intact tetracycline in the lagoon waters. Figure 3A further shows that total resistance gene concentrations were significantly correlated with free-tetracycline levels (r 2 ϭ 0.50, P Ͻ 0.001) for all pooled samples, although the data scatter was fairly high.
When resistance gene numbers were normalized to the ambient VSS level, a measurement of the total particulate organic materials present in the lagoon waters, the relationship to free-tetracycline levels was considerably weaker (r 2 ϭ 0.15; data not shown). The normalization effort was an attempt to account for differing cattle numbers and distances from distinct lagoons; however, the lack of a strong relationship appears to be consistent with the hypothesis that tetracycline-resistant bacteria make up only a small fraction of the total particulate   FIG. 2 . Geometric means of Tc r gene copy numbers were determined by real-time PCR assay of DNAs extracted from feedlot lagoon samples. Levels are shown for lagoons with above-and below-median soluble-tetracycline levels (median free-tetracycline level ϭ 1.95 g/ liter). The mean and median tetracycline levels in the above-median lagoons were 10.8 and 9.5 g/liter, and those in the below-median lagoons were 0.49 and 0.03 g/liter, respectively. The genes represented include tet(O), tet(Q), and tet(W), and the total of these three genes is also indicated. Comparisons of above-and below-median numbers of gene copies were performed with the nonparametric Wilcoxon rank sum test. matter in the lagoon waters. However, the total numbers of Tc r copies were higher at higher VSS values: the regression of the log of the total number of Tc r copies against the log of the VSS value had an r 2 value of 0.43 and a P value of 0.003 (Fig. 3B ). Of the three individual Tc r genes quantified here, tet(W) was more commonly found in the above-median lagoons (on the basis of the number of gene copies per unit of volume) at a 95% confidence level, as indicated by pairwise statistical testing with the Wilcoxon rank sum test [tet(O) versus tet(W), P ϭ 0.029].
Comparisons of real-time PCR assessments and phenotypic plate assays. The primary goal of this project was to develop a real-time PCR method for monitoring Tc r genes in the environment; however, it was also important to determine whether the new method provided resistance data similar to those obtained by conventional detection methods. We examined the relationship between log-transformed total resistance gene copy numbers for each lagoon time point and the log of the percentage of colonies on anaerobic plates exposed to 2 g of tetracycline per ml compared to 0 g of tetracycline per ml. The two indicators of resistance were significantly correlated (r 2 ϭ 0.22, P ϭ 0.022), with a degree of scatter (Fig. 4) . Possible reasons for the degree of scatter include (i) the large observed variability in the individual plate count estimates (i.e., the sample size is small relative to the observed variance); (ii) the measurement by the plate count assay of only organisms that could be cultured under anaerobic conditions, producing results that may not reflect all of the organisms present that might bear Tc r genes; and (iii) the quantification of only three Tc r genes in this preliminary study; thus, other, undetected, resistance genes might have been present that were not accounted for.
General observations. The results suggest that the new primer-probe sets for tet(O), tet(Q), and tet(W) effectively quantify these three Tc r genes in lagoon water samples by real-time PCR. The method appears to provide a useful parallel measurement of Tc r to phenotypic plate assays, and it has the advantage of detecting resistance genes in all organisms rather than just resistance in culturable species and is reliable over 6 orders of magnitude. The new method is limited in that it cannot detect genes in specific pathogens without their first being cultured, although more testing should improve correlations between detectable resistance genes and genes borne by specific pathogens.
This new method confirmed a broad relationship between the free-tetracycline level (reflecting upstream tetracycline use) and resistance gene copy concentrations in these cattle feedlot lagoons. Many factors are clearly uncontrollable in studying lagoons, such as varying weather conditions, the scale of the feedlot operation, routine operating practices at each site, the mode of operation of any given lagoon, and ambient levels of solids in lagoons. However, statistically significant differences between resistance gene concentrations in aboveand below-median tetracycline lagoons are apparent and clearly warrant further investigation. On the basis of the early results reported here, the sampling program has recently been expanded to increase the database on relationships between downstream Tc r gene levels and feedlot operations. Furthermore, methods for additional Tc r genes are under development to expand the utility of these real-time PCR methods to other environmental and clinical settings. 4 . Relationship between the log of the total Tc r gene copy number and the log of the percent reduction in plate colony counts at a tetracycline exposure level of 2 g/ml relative to those at 0 g/ml. Points represent 18 independent time points for seven lagoons. 
